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HISTORICAL BACKGROUND 

The effect of the panicle size of drugs on their 
dissolution rates and biological availably was re- 

SSon of th fP " ? r3te Hmhed h * d^solatiol 
™V faC Pamde SI?e Senerally increases the 
^m mrt f bsorpt, °" and /° r tQ ta! bioavailability. This 
wmmonly occurs for drugs with poor water solubility. 

reducedTo K £herapeUdC d ° Se ° f was 
reduced to 50% by micronization (2), and it also pro- 
duced a more constant and reliable blood level The 
commercial .dose of spironolactone was also decreased 
?,™f yjUSt 3 Slight redu «'on of particle size (3). 
i>uch enhancement of drug absorption could further be 

u™ 4) SCVerai ^ 3 miCr ° nized P f0duct was 
Panicle-size reduction is usually achieved by: (a) 
conventional trituration and grinding; (b) ball milling; 
(c) Hu.d energy micronization; (J) controlled precipita- 
tion by change of solvents or temperature, application 
of ultrasonic waves (5-7), and spray drying (8); (e) 
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administration of liquid solutions front which, upon 
dilution with gastric fluids, the dissolved drug may 
precipitate in very fine particles (9); and ( f) administra- 
tion ol water-soluble salts of'poorlv soluble compounds 
Irom which the parent, neutral forms mav precipitate 
tn ultraflne term in GI fluids. Althouah the reduction 
ol particle sue can be easily and directly accomplished 
by the first lour methods (a-cA the resultant fine 
particles may not produce the expected faster dissolu- 
tion and absorption This primarily results from the 
possible aggregation and agglomeration ol" the fine 
particles due to their increased surface energy and the 
subsequent stronger van der Waals" attraction between 
nonpolar molecules, This was demonstrated by Lin 
ei ai (10), who showed that the in tiiro dissolution 
rates of micronized griseofuivin and glutethimide were 
slower than those of their coarser particles. However, 
' the opposite finding for griseofuivin was reported by 
Chiou and Riegelman (11, 11).. Another inherent 
disadvantage of these pure fine powders of poorly 
soluble drugs is their poor wettability in water. The 
wetttng of powders is the first step for them to dissolve 
and sometimes disperse in fluids (13). Furthermore, 
drugs with plastic properties are difficult to subdivide 
by methods a~c. They have more tendency to stick 
together, even if fine powders can be produced by 
controlled precipitation. 

Theoretically, the solvent method (c) seems to be an 
ideal approach in achieving particle-size reduction 
However, it is not frequently employed in the com- 
mercial market due to such reasons as selection of a 
nontoxic solvent, limitation to drugs with a low dose, 
and high costs of production. The water-soluble salts 
of many poorly soluble acidic or basic drugs have been 
widely used clinically as solid dosage forms., indeed, they 
nave been shown frequently to produce better absorp- 
tion than their parent forms. It has been shown that 
the potassium or sodium salts may react with atmo- 
spheric carbon dioxide and water to precipitate out 
. poorly soluble parent compounds. This occurs espe- 
cially on the outer layer of a dosage form and thereby 
retards rates of dissolution and absorption, This 
precipitation effect is believed to be responsible for the 
slower in vitro dissolution rates and the lower novo- 
biocin plasma levels in dogs following the oral adminis- 
tration of its soluble sodium salt rather than the less 
soluble amorphous form of the parent compound (14). 
The reported failure of the clinical response from three 
commercial capsule dosage forms containing sodium 
diphenythydantoin may be caused by the same reason 
(15). In addition, the alkalinity of some salts may cause 
epigastric distress following administration (16). 

In 1961, a unique approach of solid dispersion to 
reduce the particle size and increase rates of dissolution 
and absorption was first demonstrated by Sekiguchi 
and Obi (17), They proposed the formation of a eutectic 
mixture of a poorly soluble drug such as sulfathiazole 
with a physiologically inert, easily soluble carrier such 
as urea. The eutectic mixture was prepared by melting 
the physical mixture of the drug and the carrier, fol- 
lowed by a raptd solidification process. Upon exposure 
to aqueous fluids, the active drug was expected to be 
released into the fluids as fine, dispersed particles 



because of the line dispersion of the drug in the solid 
eutectic mixture and the rapid dissolution ol the soluble 
matrix. Levy {<» and Kanig <lif) subsequently noted ( 
the possibility ol using a solid solution approach in 
which a drug is dispersed molccuhirly in a soluble 
carrier In a series of reports in !965-l%t>. Go!dber» 
ei ai (19-22) presented a detailed experimental and 
theoretical discussion of ad\ amuses of the solid 
solution over the eutectic mixture. 

In 1965, Tachibana and Nakamura (23) reported 
a novel method tor preparing aqueous colloidal dis- 
persions of .d-carotene by using water-soluble polymers 
such as poKvinyipyrroiidone. They dissolved the' drug 
and the polymer carrier in a common solvent and then 
evaporated the solvent completely. A colloidal dis- 
persion was obtained when the coprecipitate was 
exposed to water, in 1966, Mayersohn and Gibaldi 
(24) demonstrated that the dissolution rate of griseo- 
fuivin could be markedly enhanced when dispersed in 
polyvinylpyrrolidone by the same solvent method. 
The . mechanisms of increased dissolution rates of 
drugs, solid dispersed in polyvinylpyrrolidone carriers, 
were thoroughly discussed by Simonelli et ai. (25, 26) 
Chiou and Riegelman (II) recently advocated the 
application of glass solutions to increase dissolution 
rates. The significance of the solid dispersion technique 
was strengthened by the demonstration of Chiou and 
Riegelman (27-29) of the fast and almost complete 
absorption of the insoluble griseofuivin in man and 
dogs while the commercial micronized griseofuivin was 
incompletely absorbed (30-60%),. They used poly- f" 
ethylene glycol 6C00 as a dispersion carrier. The 
main advantages of using water-soluble polymers as 
carriers are their nontoxicity and general applicability 
to most drugs. 

his believed that this relatively new field of pharma- 
ceutical technique and principles will play an important 
role in increasing dissolution, absorption, and thera- 
peutic efficacy of drugs in future dosage forms. There- 
fore, _ a thorough understanding of its fast-release 
principles, methods of preparation, selection of suitable 
carriers, determination of physical properties, limita- 
tions, and disadvantages will be essential in the practical 
and effective application of this approach. The main 
purpose of this article is to review critically the hitherto 
limited pharmaceutical literature pertinent to this area. 
Since a great amount of excellent work on solid disper- 
sion systems has been accumulated in the sciences of 
metallurgy, geology, and chemistry, a brief summary of 
some of these findings would be extremely helpful in the 
future study and understanding of pharmaceutical ap- 
plications of solid dispersion systems. One major objec- 
tive of this review article is to introduce and correlate 
these works to possible pharmaceutical applications. 

. In addition to absorption enhancement, the solid 
dispersion technique may have numerous pharma- 
ceutical applications which remain to be further M 
explored It is possible that such a technique can be / 
used to obtain a homogeneous distribution of a small 
amount of drugs at solid state, to stabilize unstable 
drugs, to dispense liquid or gaseous compounds, to 
formulate a fast-release priming dose in a sustained- 
release dosage form, and to formulate sustained- 
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release or prolonged-release regimens of soluble drugs 
by using poorly soluble or insoluble carriers. It is 
hoped (h:it this review paper will stimulate interest 
and research in these unexplored ureas. 

DEI- INI! ION VND .ME fl 1005 OF PREP \H \TION Ol SOLID 
DISPERSIONS 

Definition— It seems suitable here to define the term 
"solid dispersions" as used in this paper. The term 
refers to the dispersion of one or more active ingredients 
in an inert carrier or matrix at solid state prepared by 
the melting (fusion), solvent, or melting-solvent meth- 
od. The dispersion of a drug or drugs in a solid diluent 
or diluents by traditional mechanical mixing is not 
included in this category.. The solid dispersions may 
also be called solid-state dispersions, as first used by 
Mayersohn and Gibaldi (24), The term "coprecipi- 
t . ates " has a ^ so Deen frequently used.to refer to those 
preparations obtained by the solvenfmethods such as 
coprecipitates of suifathiazole-polyvinylpyrrolidone 
(25) and reserpine-polyvinylpyrrolidone (30).. Since 
the dissolution rate of a component from a surface is 
affected by the second component in a multiple- 
component mixture (.31), the selection of the carrier has 
an ultimate influence on the dissolution characteristics 
of the dispersed drug, Therefore, a water-soluble 
carrier results in a fast release of the drug., from the 
matrix, and a. poorly soluble or insoluble carrier 
leads to a slower release of the drug from the matrix.. 
This review paper primarily deals with fast-release 
solid dispersions, although some principles discussed 
later may also be applied to slow-release solid disper- 
sion systems. To achieve a faster release of a drug 
from the matrix, it is generally necessary that the active 
drug be a minor component in the dispersion system 
in terms of the percent weight (not on molar basis). 

Methods of Preparation— Melting Method— -The melt- 
ing or fusion method was first proposed by Sekiguchi 
and Obi (17) to prepare fast-release solid dispersion 
dosage forms,. The physical mixture of a drug and a 
water-soluble carrier was heated directly until it melted. 
The melted mixture was then cooled and solidified 
rapidly in an ice bath under rigorous stirring. The final 
solid mass was crushed, pulverized, and sieved. Such 
a technique was subsequently employed with some 
modification by Goldberg ei ol. (20-22) and Chiou 
and Riegelman (11). To facilitate faster solidification, 
the homogeneous melt was poured in the form of a 
thin layer onto a ferrite plate or a stainless steel piate 
and cooled by flowing air or water on the opposite 
side of the plate. The solidified masses of drug-poly- 
ethylene glycot polymer systems were often found to 
require storage of 1 or more days in a desiccator at 
ambient temperatures for hardening and ease of 
powdering (II). Some systems, such as griseofuivin 
and citric acid, were found to harden more rapidly 
if kept at .37° or higher temperatures (1 1, .32). 

The main advantages of this direct melting method 
are its simplicity and economy. In addition, a super- 
saturation of a solute or drug in a system can often 
be obtained by quenching the melt rapidly from a high 
temperature (34). Under such conditions, the solute 



molecule is arrested in (he sohcnl matrix b> the 
instantaneous solidification process Similarly, a 'much 
finer dispersion ol' cr\ siallites was obtained lor svMcms 
of simple eutcctic mixtures if such quenchine techniques 
were used (34. 35) The disadvantage is that many 
substances, either drugs or carriers, mav decompose or 
evaporate during the fusion process at hii>h tempera- 
tures. For example, succinic acid, used as a carrier for 
griseofuivin (21), is quite volatile and may also par- 
tially decompose by dehydration near its melting point 
(36). However, this evaporation problem can beavoided 
if the physical mixture is heated in a sealed container. 
Melting under vacuum or a blanket of an inert gas such 
as nitrogen may be employed to prevent oxidation 
of the drug or carrier (37). 

The melting point of a binary system is dependent 
upon its composition, i.e., the selection of the carrier 
and the weight Traction oT the drug in the system (.33). 
By proper control, the melting point (the temperature 
at which the mixture completely melts) of a binary 
system may be much lower than the melting points 
of its two components. Under such a condition, this 
simple melting method can still be used to prepare 
solid dispersions, even if the pure drug may undergo 
decomposition at or near its melting point. This 
principle was used to prepare solid dispersions of ste- 
roids and a cardiac glycoside in polyethylene glycol 
6000 (38) and that of griseofuivin in pentaerythritoi 

Solvent Method—This method has been used for a 
long time in the preparation of solid solutions or mixed 
crystals of organic or inorganic compounds (33). 
They are prepared by dissolving a physical mixture 
of two solid components in a common solvent, fol- 
lowed by evaporation of the solvent. This method was 
used to prepare solid dispersions of 0-carotene-poIy- 
yinylpyrrolidone (23), griseofulvin-polyvinylpyrrol- 
idone (.24), sulfathiazole-polyvinylpyrrolidone (25), 
steroid-polyvinylpyrrolidone (26), reserpine-polyvinyl- 
pyrrolidone (30), and reserpine-deoxycholk acid (39). 

The main advantage of the solvent method is that 
thermal decomposition of drugs or carriers can be 
prevented because of the low temperature required 
for the evaporation of organic solvents. However, 
some disadvantages associated with this method are 
the higher cost of preparation, the difficulty in com- 
pletely removing liquid solvent, the possible adverse 
effect of the supposedly negligible amount of the 
solvent on the chemical stability of the drug, the 
selection of a common volatile solvent, and the diffi- 
culty of reproducing crystal forms. In addition, a 
supersaturation of the solute in the solid system cannot 
be attained except in a system showing highly viscous 
properties, as is discussed later. It must be emphasized 
that the suitability of the solvent method to prepare 
simple eutectics or partial solid solutions remains to be 
studied further because their final physical properties 
may be quite different from those obtained by the 
melting method. 

Mefiing-Sokew Method— It was shown recently 
that 5-10% (w/w) of liquid compounds could be 
incorporated into polyethylene glycol 6000 without 
significant loss of its solid property (40) Hence, it is 
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possible to prepare solid dispersions by first dissolve 

fh,?! 1 ?-"^^ 1 ' qUidS ° Iventand then incorporating 
the solution directly into the melt of polyethylene glycol 
obtainable below 70°, without removing the liquid 
solvent It is possible that the selected solvent or 
dissolved drug may not be miscible with the melt of 
polyethylene glycol. The polymorphic form of the dru* 
precipitated m the solid dispersion may be affected by 
the liquid solvent used. Such a unique method possesses 
he advantages of both the melting and solvent methods. 

Tl fl '° m l PraCtlCaI ^"dpoint, it is only 
toned to drugs with a low therapeutic dose eg 
below 50 mg„ The feasibility of this method was demon' 
strated on spironolactone-poiyethylene glycol 6000 
and gnseofulvm-polyethylene glycol 6000 systems (41) 
Its application to other drugs and carriers, however 
remains to be explored. 

CLASSIFICATION AND FAST-RELEASE MECHANISMS 
Although solid dispersion systems may include more 
than two components, for the sake of simplicity and 
prwfccality, this article is primarily limited to binary 
systems.. As a measure of the interaction between the 
two components, .30 different phase diagrams were 
proposed for binary alloy systems (42). Vasil ev (43) 
further classified phase diagrams according to- fa) 
the relative strength of interaction between similar and 
different atoms, and (i) the limiting permissible degree 
of deformation of the energy field of the liquid solvent 

Sat* SfV att 4 Ce ^ thC S ° Iid Stat£ - Whi!e * is bribed 
that these classifications can also be applied to most 

b Jl nr % Van0US Sy f emS of S0lid dispersions on the 
Sv li ^ J ° r fast ' rdease mechanisms. Accord- 
G^m I 7 f CUSSed in lh0 fo,,ow!n S si * ^oups: 
Group 1, simple eutectic mixtures; Group 2 solid 

Son" •°S; o Gr °r 3 ' gl T SOlutio ^ susp°e " 

sions, Group 4, amorphous precipitations of a drug 
in a i crystalline carrier; Group 5, compound or compief 
format !0ns between the drug and the carrier; and 
Th P mvhV ny ) con ? b,n «i<"'s among Groups 1-5 
ln^„«rliSten. l ° ' dentify thCSC SyStCmS nre 
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Simple Eutectic Mixlures-The simple eutectic mix- 

of?he ,S ru U Tr y T^ trCd fr ° m U,e "Nation 
of the lu.ed liquid ol two components which showcom- 

Id nuscibitity and negligible solid-solid solu- 
bility (},), These properties can be illustrated in a phase 
diagram (F,g. 1). Tncrmodjnamically, such a system 
is regarded as an intimately blended physical mixture 
of us two crystalline components (19, 33 34) 

When a eutectic (Composition E in Fig I) composed 

R AT y S ° iUble dmg (S e ' Xp0Sed t0 w ^ or Gl 
fluids, the earner may be released into aqueous medium 

don'thar^' ^ 0 ?) ' ™ S iS ^ on the ^ 
tion that both components may simultaneously crystal- 
lize out in very small particulate sizes (33). The increase 
of the specific area due to this reduction of particle 
size generally increases rates of dissolution and oral 
absorption of poorly soluble drugs. Uitrafine or col- 
loidal crystallites of eutectics can be found in such 
examples as tin-lead (34) and naphthalene-phenan- 
hrene (44) systems. In addition to the reduction of 
the crystallite size, the following factors may contrib- 
ute to the faster dissolution rate of a drug dispersed 
in the eutectic: 

L An increase in drug solubility may occur if the 
majority of its solid crystallites are extremely small 

2.. A possible solubilization effect by the carrier may 
operate in the microenvironment (diffusion layer) 
immediately surrounding the drug particle in the early 
stage of dissolution since the carrier completely dis- 
solves in a short time.. This was demonstrated by the 
faster dissolution rate of acetaminophen from 
physical mixture with urea than that of the pure 
compound with comparable particle size (">?) This 
hypothesis was further supported by a marked increase 
of acetaminophen solubility in the presence of urea 
in water (22). A similar rationale was also given to the 
enhancement of dissolution rates of reserpine from a 
Physical mixture of reserpine and polyvinylpyrrolidone 

beLIi'fin?^" agg ( re f t[ ° n and a ^°meration 
between fine crystallites of the pure hydrophobic drug 
may play a far more important role in increasing 
rates of dissolution and absorption than is presently 
recognized by research workers in this field,. An as<Te- 

5*5 '? u ed I s a Partide or an assembl y of particles 
held together by strong inter- or intramolecular or 
atomic cohesive forces (46). Usually the aggregate 
is stable to high-speed mixing or ultrasonic forS 
An agglomerate is defined as a gathering of two or 
more particles and/or aggregates held together by 
relatively weak cohesive forces. In many cases, these 
forces are due to an electrostatic surface charge gener- 
ated during handling or processing operations (46) 
It is also likely that these electrostatic forces may be 
involved only m bringing panicles together, but they are 
not responsible for holding them together Such 
agglomeration is more severe for very finely divided 
particles (about 0.1 M ) due to the greater specific surface 
charge. Although the agglomerates may be broken 
their dispersion in the mildly stirred GI fluids may not 
be very efficient. As mentioned previously, these 
problems of aggregation and agglomeration are most 



detrimental to the application and efficacy of pure 
fine particles because their effective specific surface 
area is markedly reduced 1 . Serious drawbacks of 
aggregation and agglomeration and lumping in the 
dissolution medium between pure drug particles arc, 
however, rarely present in most solid dispersion sys- 
tems because the individually dispersed particles are 
surrounded in the matrix by carrier panicles. It must 
be emphasized that the aggregation and agglomeration 
of the solid dispersion powders may not significantly 
affect the dissolution of the drug, which can still 
disintegrate quickly due to the more rapid dissolution 
of the soluble carrier. Such a unique advantage of 
solid dispersion systems was demonstrated in the 
in civo absorption (23, 29) of griseofuivin when dis- 
i persed in p olyeth ylene glycol 6000 (10% w/w) and 
*» compressed into a hard tab let. As discussed later, the 



10% griseofuivin "dispersion in polyethylene glycol 
6000 contains at least half of the griseofuivin in the 
finely dispersed crystalline form.. The dissolution rates 
of the pure and dispersed griseofuivin are shown in 
Fig, 2. 

4. Excellent wettability and dispersibility of a drug 
from a eutectic or other solid dispersion system pre- 
pared with a water-soluble matrix result in an increased 
dissolution rate of the drug in aqueous media. This 
is due to the fact that each single crystallite of the drug 
is very intimately encircled by the soluble carrier' which 
can readily dissolve and cause the water to contact and 
wet the drug particle. As a consequence, a fine homoge- 
neous suspension of a drug can be easily obtained with 
minimum stirring (17). These striking advantages were 
observed by the authors with various drug-poly- 
ethylene glycol solid dispersions,. In contrast, the aggre- 
gates and agglomerates of poorly soluble pure powders 
are surrounded by the nonpolar air, which is hard to 
penetrate or displace by water. 

5. An increased rate of dissolution and absorption 
may also occur if a drug crystallizes in a metastable 
form after solidification from the fused solution. A 
metastable, crystalline form has a higher solubility 
which, in turn, leads to a faster dissolution rate 
according to the well-known Noyes-Whitney equation. 
Interested readers should consult an excellent review 
paper by HalebHan and McCrone (47) on the pharma- 
ceutical applications of polymorphism. The high 
possibility of the polymorphic crystallization during the 
preparation of solid dispersions can be seen from the 
facts that many compounds can exhibit polymorphism. 
For example, 67% of steroids, 43% of sulfonamides, 
and 63% of barbiturates were shown to exhibit poly- 
morphism in an extensive survey by Kuhnert-Brand- 
statter (48). It must be noted that the existence of a 
different polymorphic form or forms results in a phase 
diagram differing from that shown in Fig. 1 (47). 



1 PccuJiar examples were encountered by the authors when 125 mg. 
of the pure micronized Eriseofulvin and 1 00-200- mesh griseofuivin. 
loosely packed in a No. 3 gelatin capsule, were studied for dissolution 
rales in Sg i of naier at 37° under a (airly vigorous stirring condition 
(Reference II; the capsule kept in a cytindrical container. 5 X 3 cm., 
made of No, 8 mesh stainless steel screen and moved by a standard USP 
disintegration apparatus). Tim griseofuivin lumped together as a single 
mass even after 4-6 hr of study, and dissolution only took place at 
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Figure 2 — Griseofuivin dissolution-rate data {amount remaining to 
be dissolved) from 12S mg, in 18 I. of water at 36-7°. Key: (/), 10% 
griseofuhin-pol} ethylene glycol 6000 powder; (2), 20 % griseofuJcin- 
paiyethylene glycol 6000 ponder; (3), 40% griseoftskin-polyethylene 
glycol 6000 powder; {4), wetted, micronized griseofuivin powder; 
IS), noitwetted, micronized griseofulcirt powder, (6), micronized 
griseofu/ciii in capsule; and (7), 100-200-mesh griseofuivin powder 
in capsule. 



In addition to the possible aforementioned differences 
between the eutectics and the physical or mechanical 
mixtures, the rapidly crystallized (quenched) eutectics 
are characterized by increased hardness (49). This was 
explained on the basis of a high degree of strain resulting 
from the action of mechanical forces. The effect of such 
increased hardness on the dissolution rate, however, 
remains to be explored. Savchenko (49) advocated that 
a eutectic is formed by some sort of loose molecular or 
atomic interaction which does not involve the formation 
of a chemical bond. This is thought to relate to some of 
the changes in physical properties of eutectic alloys 
such as a reduction in electrical conductivity, vapor 
pressure, and thermal effects. It must be emphasized 
that a slow process of cooling and solidification from 
the melt may not result in fine dispersion of the phases 
(49), which is primarily responsible for the higher 
dissolution rate of the drug. 

The composition of a eutectic may have a significant 
effect on the particle size of the crystallite. If it is made 
up of a high weight fraction of drug, an ultrafine 
crystallization of the drug may not be obtained. 
This is logical if one expects that the higher the dilution, 
the finer the crystalline size of its precipitate. This 
probably accounts for the failure to find an increased 
dissolution rate of acetaminophen from the eutectic 
with urea which contains 52% of the acetaminophen 
(20). It is believed that the hardening effect of the 
eutectic may also play a role in retarding its dissolution. 

Recently, Chioti (50) contended that the system of 
chloramphenicol-urea should be described as a simple 
eutectic mixture with negligible solid-solid solubility 



w spectra of pure chloramphenicol [bottom) 



Figure 3— X-ray diffra 
and pure urea (top). 



rather than an extensive, partial solid solution as 
previously proposed by Sekiguchi et al (51) and 
Goldberg et al (22). This appears to be supposed 
by differential thermal analysis (DTA) and X-f J 
dtffractton data. The endotheW peaks of 2.5 aS 
97 % chloramphenicol resolidified samples at the eutectic 

STX/^ indiCatC that thC S3m ? les ^ o 
not heL f tem P er f ture - U ' ^eir compositions did 

points should begin at a higher temperature (52). 




peaks due to theurlZtL IfJutT °, P} : A /" WS '" d ' Ca,e Mf™ Ho- 
me presence oj chloramphenicol crystallites. 
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^ ^ l(l f ^ 0t . PUre ch! ^P^nicol. pure urea and 

A ;E?„f hyS, f al mi - tl ' rC r "°^''ned mixture of 10- 
& chloramphenicol are shown in Figs 1 and A The nr«° 

" V K J?;^ 100 ' in the k fr " hi y P-pared, quenched sample 
tl sanl, Phe r COi unmi5 "kab!y indicates that 

The 17* £ 1S r n °h 3 Sohd r lulion but a e ^ c <ic mixture 
those obr, nM f Se P u ak l' Whlch are sparable with 
hf L r km ? the Physicai mi ' xture - ais ° indicates 
the neg hg.bihty of solid soiubilitv. The slight increase 
>n dissolufon rate of the eutectic (75% chlorTmrSco 
, , r W/w) over [he P"« chloramphenicol (22) may be due 

,°on lZ r ZT li rf lCS ' ,Ze ° f ' ch!or ^Phenicol crystalliza- 
tion and the hardening effect of the eutectic The small 

of the chloramphenicol, however, may be primarily 
contributory to the reported attainment of supSSuS 
SV^Tr^ enhan « men£ dissolution rate from 
25% solid dispers.on (22, 5!). It is further expected 

thT h faSter dISS ° !mion rate m£iy be °£i«d 
rom the lower concentrations of the chloramphenicol 
in such a eutectic mixture.. V 

From their microthermal microscope studies, Gold- 
oeig et al. (21) reported that griseofuhin a wa'er- 
msoluble antibiotic, forms a solid solution with succinic 

rate from such dispersions was found to be several times 
higher than that of the micronized griseofuivin , Further! 
was Vso" obf tm f°™f* b ™t 250% of the solubility 
was also observed. Chiou and Niazi (53) recentlv 
concluded from their DTA and X-ray diflSw 

mixtSe w^TV-m SyS£Gm is a »'™Ple e"S 
mS of 'S / ' S ' b!e S ° hd soIub «»y- The dissolution 
rates of gnseofulvm were found to increase as the 

Srea n seT !0n ^ Se ° fljlvin " S ° Hd di ^°» 

liouid i tf S ?- iUt! '° nS ~ A S ° !l ' d SOlution ' com P are d to a 
.qu,d olution, is made up of a solid solute dissolved 

cause he Two n " * * ^ M 3 ffllxed c ^ S£aI 
cause the two components crystallize together in a 

ca7 D T r e °r S rr^* S , yS£Cm (33 > In thfir Soreti! 
SO ufion of? V " (i9) SUgSCStCd £hat a solid 

solution of a poorly soluble drug in a rapidly soluble 
earner achieves a faster dissolution rate than a eutect c 
mixture because the particle size of the drug in the solid 
solution ,s reduced to a minimum state, Lt £ molecu- 
aLsolac 1 "- 0 :!!" Ti dS * dl ' SSOi — of thTdrug 
Ua2 P V" /° ild S£3te prior £0 its ex P°^ ^ the 
liquid medium. In addition to such maximum s ze 

under Simple Eutectic Mixtures may contribute to 
increased rates of dissolution and absorption of druls 
dispersed in solid solutions. It must be emphuied 
that the advantage of a solid solution may not be so 
significant if the solid solution is exposed to" a medium 
w th a volume much less capable to dissolve all the 
Hot / [hese u COflditi <^. a drug may precipi a,e 
However, due to the maximum particle-sL reduction 



in the solid solution and to (lie possible solubilization 
effect of the carrier in the rnicroens iromnensnl diffusion 
layer of bulk fluids, the drug may temporarily result 
in a high supersat unit ion of the bulk fluid. Obviously, 
this is temporary and would lead to precipitation if the 
drug is not being absorbed or removed bv other proces- 
ses. 

Solid solutions can generally be classified according 
to the extent of miscibility between the two components 
or the crystalline structure of the solid solution (33, 
34,^ 54). Based on the former criterion, they can be 
divided into two groups: continuous (or isomorphous, 
unlimited, complete) solid solutions and discontinuous 
(or limited, restricted, partial, incomplete) solid solu- 
tions. According to the latter criterion, they can also 
be classified into two groups: substitutional solid 
solutions and interstitial solid solutions. The important 
physical properties of each group are reviewed briefly,. 

Continuous Solid Solution— In this system, the two 
components, are miscible or soluble at solid state in 
all proportions (Fig. 5). No established solid solution 
of this kind has been shown to exhibit fast-release 
dissolution properties, although it is theoretically 
possible.. It is obvious that a faster dissolution rate 
would be obtained if the drug is present as a minor 
component.. However, the presence of a small amount 
of the soluble carrier in the crystalline lattice of the 
poorly soluble drug may also produce a dissolution 
rate_ faster than the pure compound with similar 
particle size. This may be due to a small number of the 
neighboring drug molecules holding the dissolving drug 
molecule after the rapid dissolution of the neighboring 
water-soluble carrier. The total lattice energy of the 
continuous solid solution at various compositions 
theoretically should be greater than that of either pure 
component, because the strength of bond between the 
two different components at the solid state, U AB , 
should be greater than that between the same species of 
molecules, U AA and U BB , in order to form a continuous 
solid solution (33). The solid solution above the 
temperature of the miscibility gap, as shown in Fig. 5, 
is also thermodynamicaily stable, with a free energy 
lower than that anticipated from the mixture law (54, 
55), The miscibility gap noted in Fig. 5 may occur as 
a result of limited solid-state solubility at lower tempera- 
tures. The implication of this phenomenon is discussed 
later in this article. 

Discontinuous Solid Solution— In contrast to the 
continuous solid solution, there is only a limited 
solubility of a solute in a solid solvent in this group 
of solid solutions. This can be best depicted in a 
standard phase diagram (Fig. 6). The regions of solid 
solutions in this diagram are shown as the a and 0 
regions. Each component shown is capable of dissolving 
the other component to a certain degree above the 
eutectic temperature. However, as the temperature is 
lowered, the solid solution regions become narrower. 
The implication of the decreasing solubility with 
declining temperature is discussed later. The free energy 
of a stable, limited solid solution is also lower than that 
of the pure solvent (55). 

In reality, some solid-state solubility can be expected 
for ail two-component systems (19, 34), However, the 




Figure 5— A typical phase diagram of continuous solid solution of a 
binary system, A and B. The lowest curve indicates a solubility gap 
at lowc r temperatures, 

degree of solubility is usually small enough to be 
considered negligible. Goldberg et al. (19) suggested 
that, for practical purposes, solubility of greater than 
5% of one component in the other could be considered 
to be a solid solution. It is felt that such a criterion is 
not adequate. Sensitive instruments now allow the 
detection of solid solution formation below a 5% level. 
Furthermore, many drags with low therapeutic doses 
(e.g,, below 25 mg.) can be practically incorporated 
into solid solutions at concentrations of less than 5%. 

The phase diagram of a suifathiazole-urea binary 
system was studied by thermal analysis (17). It was 
interpreted as a system of limited solid solution, 
in which the maximum solubility of sulfathiazoie is 
about 10% w/w and that of urea is about 8% w/w 
(19), The eutectic composition is located at 52% of 
sulfathiazoie. Therefore, the eutectic of this system is 




Figure 6— A typical phase diagram of a discontinuous solid solution 
of a binary system, A and B. a and 0 are regions of solid solution 
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Figure l—Righ, diagram shows the fotmtiiin,, „/ „ ■ ■ ■ , , 
solution, ami left diagram shows the forma l, t iM 
solid solution, Dark circles i^Lef/uuZoZ fr LT, T""°^' 
open circles indicate solvent atoms nl „ „i \ , < r "">/wuhi, while 
reprinted with permission) molecules {from Reference 54, 



SlteiS m " tUre 0f tW ° SOlid "'""'ons, 
a ana p. l he faster absorption rates (bund in man with 
a - his eutectic mixture were claimed to be pr imSlv^ e 
s to these solid solutions.. However, it was a"so re-entN 
noted by Chiou and Niazi (56 , frTm ttir X Jav 
difflractton studies, that sulfathiazole is 1 Jly presS 

7 Substitutional Solid Solution—In this tvoe of <„im 

molecule m the crystal lattice of the solid solvent 
A schematic diagram is shown in Fig 7 It can form ^ 
continuous or discontinuous solid solution The s £Tnd 
stenc factors of the solute moiecule were show n to 

I \ I 1 The SIze of the solu ^ and the solvent 

solution can be ^^hLVcfiS^SS 
solvit "liS f e T IeSS than 15% from that oTthe 

compound, S ° iUtl0nS ° f metaIs and "organic 
Timmermans (60) proposed a term called *u* 
degree of molecular isomorphism to ex cess the dejee 
of simUanty of the shape of the two componTnfs ^e 

overlappmg volume, and the nonoverlapping volume 
equal to i - A//-. From his extens ve studies of n h nt » 
Aagrams of organic compounds, he found that ^Se 
or complete solubility required the value J t\ Z 
Sms°- 9 ^Jl^lLiZ solMs u oo° s J 
chlorob^mobenzene (61) and anthracene^?- 

l n „ stenc effect or chemical interaction (63) is also 
K Jortion y?f'^ ° f fi r S ° ,Ute --ase^un u 



< uticul Scu /i 



amino groups but it only forms eutcctu- 
Frequently, water-insoluble drugs com . lin h , i(1(T . nc 

such a combination may result in morp „ n ;/j. T 
tion and absorption ap,d dlsso[u - 

entropy of fusion, usuailv less thm s A^V- , 
triple-poiot temperature and pressure- W ^'f 

a^d in 10 , 00 "" 0 ""' 5 J aVe th£ ^-est'aSce en r'y 
and strain, it , s reasonable to expect that they win 

di5PerS£ SriSe ° fuivi " (»)■ The e 0 7 r 4eo 
fulvm dispers.on was found to dissolve mu^h Taster 
than , rnicronized griseof'ulvin. In addition a sup^ 

also sTiw C2 ^ e [' P enta ^thritoi tetraa eta? w as 
Mn ( n) n The en „ h h anCe H- he diSS ° iUti0n rate of ^ - 
not be i eltabliS ° f b ° th ^ te ^ 

661 ? , P " S f fusion was '""Pi" by UbWohde 
tnunltlM Solid 5<,;,„i 0 „_ In , his , . 

Sir"" S0| T <suesI) molreu "= <X° th i iS' 

solute a«™ should be lcss lhan PP 0 5 , » o 
the volume of ,he sol ule s l,„ u , d be , CM f h , "'^V ^ 



the solvent II is likely that the principle can also be 
applied to organic compounds. Water-soluble crystal- 
me polymers ol high molecular weight appear to be 
logical choices Tor this type of solid solution of insoluble 
drugs, since the molecular weight of most organic 
drugs is usually less than 1000, Low toxicity and lack of 
absorption from the GI tract are the advantages of 
polymer earners. 

Polyethylene glycols or 4000, 6000. and '0 000 
molecular weights are crystalline, water-soluble poly- 
mers with two parallel helixes in a unit cell (67). It is 
predicted that significant amounts of drug can be 
trapped in the helical interstitial space when poly- 
ethylene glycol-drug melts are solidified. Such systems 
were prepared using griseofulvin, digitoxin, methyl- 
testosterone, prednisolone acetate, and hydrocortisone 
acetate in the matrix of polyethylene glycol 6000 
i hey all possess a fast rate of dissolution (1 1 .38) 
The results of these dissolution studies, except for 
gnseofulvin, are summarized in Table I. The griseo-~" 
fulvin dispersed m polyethylene glycol 4000 and 20 000 
was also shown to have a marked increase in dissolu- 
S n 72nnn °' In f om f hacin dispersed in polyethylene 
glycol 6000 was also shown to produce a faster dissolu- 
tion rate (68). 

In addition to the large molecular size of the polymers 
favoring the formation of therrnodynamically stable 
interstitial solid solutions, other factors such as hi»h 
viscosity supercooling, and physical-chemical inter- 
action between the drugs and the polymers may 
contribute to the formation of metastable solid solu- 
tions if the drug-polyethylene glycol melt is solidified 
rapidly. The melt of polyethylene glycol polymers is 
highly viscous, even at a temperature of 200° (67) 
furthermore, the viscosity increases rapidly with the 
decrease in temperature. Therefore, as drug-poly- 
ethylene glycol melt is allowed to solidify quickly 
the crystallization of the drug is retarded due to reduced 
solute migration and the difficulty in nucleation of the 
drug in the viscous medium (1 1, 64, 69). 

Although the melting points of some polyethylene 
glycol polymers are higher than 50°, thev can often 
be supercooled to below 40° (H). Such supercooling 
phenomena were also observed with the drug-poly- 
ethylene glycol mixture., For example, it was found 
feasible to supercool 10, 20, and even 40% of griseo- 
fulvin in polyethylene glycol 4000 or 6000 to about 
40 before solidification started, although their upper 
melting points (when mixtures completely melt) 
ranged from about 150 to 200°. The possible physical 
or chemical interaction between drugs and polyethylene 
glycol polymers has been well documented, as demon^ 
stratcd by their solubilization effect in the aqueous 
medium (45, 72). It is believed that such interaction 
may also exist in the drug-polyethylene glycol melt 
and may contribute to the retardation of crystallization 
ot the pure drugs. In the case of griseofulvin, its sol- 
uoiJity was found to increase onefold in the 1<7 
Ww) polyethylene glycol 6000 aqueous solution (41) 

The possibility of the existence of a metastable solid 
solution of a drug in polyethylene glycol was investi- 
gated in quenched 5% griseofuIvin-95% polyethylene 
g^col 4000 and 5% griseofulvin-95 % USZ™* 



Tabic I-T*«]iy. Fifty, and Sevcntv Pcrrem Dissolminn 7 



Preparations 



r s „, n 



r-.o, t 



Pure prednisolone acetate" SO ji n 

Fu»d mixture of prednisolone* «l «? n 7 fi 

feuue-poheihylene glycol ^ ° M) 6 

6000(5:95 wiw) 
Pure 1 7-meth> [testosterone ■? n n n i« n 

Fused mixtures afl7.metrnl- «T 0 <<7 n ^2 
testosterone-polyethylene < 0 06 

giyeol 6000(5:95 w/w) 
Pure hydrocortisone acetate ?0 0 

Fused mixture of hydroconi- «j o «, n T< 
wne acetate-polyethylene <<! 0 15 

glycol 6000 (5:95 w/w) 
Pure microcrystallinc digitoxin 15 0 Rn n 
Fused mixture of digitojein- «] o << 0 ^ < 

polyethylene glycol 6000 <<! 0 0 3-0 5 

(2:98 w/w) 



■ This 



ystem uiUizcd only 30% saturation* 



glycol 6000 (41).. The freshly quenched samples of 
both systems showed no noticeable X-ray diffraction 
peaks of the crystalline griseofulvin, while their pow- 
dered samples exhibited such peaks.. It was suggested 
that the powdering process might cause some of the 
supersaturated griseofulvin in the metastable solid 
solution _to precipitate out. Therefore, the solid soiu- 
flSn - gr ' s , eofuIv,n m Polyethylene glycol 4000 or 
6000» Sm uchless than5%„TheX-ray diffraction spectra 
of the gnseofulvin-polyethylene glycol 6000 "system 
are shown in Figs. 8 and 9. Similar findings were also 
reported for the 10% indomethacin-90% polyethylene 
glycol 6000 solid dispersion (68). In 10 and W 
gnseofulvm dispersed m polyethylene glycol 600$ 
both the pulverized and nonpulverized quenched 
samples showed the diffraction spectra of crystalline 
gnseofulvm. This is because the concentrations of 
griseofulvin now exceeded its maximum solid solu- 
bility in the polyethylene glycol. 

In addition to working as a universal solvent for 
the formation of stable or metastable limited solid 
solutions of most drugs, the polyethylene glycol can 
also be expected to produce an ultrafine or colloidal 
crystallization of the pure drug if its concentration 
is much greater than its solid solubility and the drug- 
polyethylene glycol melt is solidified rapidly (if) 
This is mainly due to the difficulty of growth of the 
crystallite in a highly viscous medium and the short 
time interval for the completion of solidification. 
This is often referred to by some surface chemists 
as the transition from primary to secondary nucleation 
The phenomenon is well known and is taken advantage 
of in the preparation of single crystals in microelec- 
tronics,. It is also the method by which doped crystals 
are prepared to render specific physical properties in a 
system in which a material is crystallized in a retarded 
manner due to solute depletion in the immediate 
environment affecting crystal growth. The highly 
possible physical-chemical interaction between the 
drug and polyethylene glycol may also play a role in 
preventing the crystalline growth, Such a contention 
is indirectly supported by a recent study of the ability 
of polyvinylpyrrolidone to inhibit the crystalline 
growth of sulfathiuzole and methvlprednisolone in 




water, even at a very low concentration (73) The 
adsorption of the polyvinylpyrrolidone on the crys a " 
lme surface was used to explain such a phenomenon 
ft seems logical to assume that the polyethylene glycol" 
polymer may also act as a protective colloid in retardmg 
the coagulation, aggregation, or coarsening of the finf 
crystallites before solidification. The possfbriky of an 
« trafee or colloidal dispersion of drugs in P o ye^hy ene 
glycol polymers is demonstrated by the fact that even 
the solid dispersion of 40% griseofulvin-60% poly" 
thS Sf Siyc0l i 000 showe d a faster dissolution raL 
tf t 5 6 u Wett t e . d micrMjze d griseofulvin (II), It £ 
believed that this rationale for employing polyethylene 
il y sat POl TT a \ id£aI S0 ^is P ersing S carrie smay 
the Sf„5 P d £ ° ? the / S °^ b!e P 0 '*"""- As mentioned! 
he short interval of solidification is critical in the 
formation of metastable solid solutions from the viscous 
melt of drug-polyethylene glycol systems. Therefore 
Ln^ 5 f ° IVent r th ° d ° r P re P™*. the contro I of 

tan? Z m "If 6 o{ r ap0mion are ver * ^Por- 
tent to the final physical properties of the solid dis 
persons (11) It was found that big crystals of griseo- 
S oi eooL rf if the ^seofulvb-polyetMene 
tures {e.g., 120 ) for a relatively long period (0 5-2 hr ) 

A patent was obtained for the use of water-soluhh- 
polymers such as polyethylene glycol, poiyo yethy^ene 
esters or ethers, polyoxyethyiene sorbitan eLf oMheir 
m mures that form solid solutions of insoluble e tr 0gens 
for preparation of pessary dosage forms (74) The 
estrogen was claimed to be precipitated in an extreme^ 



Si h WlV,SI ° n W ,cn ,he Potion was placed 

setch worker ^ be known tQ ™ny n( 

h?nh m'* area ' Und no «Pcrimental data i 

he P c aTX' ir! Cr ° £Ure C ° Uld bC f0Und t0 su Pf» «" 
he c a.m.. One interesting suggestion in the patent is 
that he inclusion of efTervescent materials such as 
combinaaons of sodium bicarbonate Z c kr fc o 
tartanc ac ,d would increase the distribution (or 
dispersion) of the drug upon exposure to an aqueous 

Glass Solutions and Glass Suspensions-! he concent 
of formation of a glass solution (75) was first introduced 
by Chtou and Riegelman (1 1 ) as another po t nt al S 
fication of dosage forms in increasing drug d soiudon 
nd absorption. u Since physical-chenficai propert e of 
the .h, ti0nS h T. n0t beCn -dequately^uisS Si 
the pharmaceutical literature, they are briefly reviewed 
in this article., A glass solution is a homogeneous 
glassy system in which a solute dissolves Ta gS 

tc IT' h e f ^ iHar te ™ " glaSS " however > can be'used 
to describe either a pure chemical or a mixture of 
chemicals (window glass is a mixture o ™ 0 ™ n fc 
oxides) in a glassy or vitreous state. The Sy or 
vitreous state is usually obtained by an abruo 
quenching of the melt (76, 77). ft is characterized by 

lrZTt Cy bri "' eneSS beiow the glass-trans" 

form ng temperature, T„ On heating, it softens oro 
gress.vely and continuously without sharp meC 
I i t i iS 15 PnmariIy due to the ^ that the chemt ' 
cal bonds in the glass differ considerably in length and 

ure at r wh D f W ^ ^ 00 one ^P-a 
ture at which all the bonds become loosened simul- 

17°^ i 34) " Th£ gIaSSy f0I ' m of compounds 
can often be transformed to a crystalline state u DO n 
heating. It is likely that such transformation^ 
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Figure diffraction spectra of so/id dispersion of S " „ 

fulv.n-95% polyethylene s lycol 6000 The top Zaln, °J, 
tamed from a nonpowdered sample, and the bottom JT, 
obtained from a powdered sample. P '"" 



occur m some glassy solutions. Usually the thcrmody- 
mimic properties ol a glass, such as specific volume 
specfic heat viscosity refractive index, compressibility! 
.ind thermal conductivity, ail show critical change 
around the temperature 7,. b 
The relation of the volume between the elassy, 
liquid, and solid states ts shown in Fig 10 (76), As the 
liquid is cooled through the freezing point, T„ it may 
either freeze into a crystalline solid, with a discontin- 
r^J v^u r' U ^ e ' ° r il may ct "ii'nue as a super- 
cooled liquid below this temperature. Manv substances 
may behave m either way, according to circumstances 
f-or example, supercooling is increasingly likely to 
occur if the presence of any nuclei is carefully avoided 
The viscosity of a supercooled liquid may be so great 
that the behavior of the material starts to appear 
mdistrngmshable from that of an ordinary solid 
If the liquid ,s further cooled rapidly, a change in slope 
of the_ volume-temperature curve occurs and the new 
slope .s often nearly the same as that of the corre- 
sponding curve for the crystal. The temperature at which 
he curve changes slope is called the glass-transformin* 
temperature, T ,. Below T „ the curve is no long™ £ 
equilibrium curve. Therefore, a glass or glass solution 
is metastabie. It is also interesting to note that 2 
L qU su ? ercooled "quid whose viscosity is greater 
than 10" poises is generally called a glass (75) 

A crystalline solid possesses both long-range and 
short-range orders of structure, whereas a glass or 

C76 I^tI^T °J!$ Wkh a ^ot-ranse order 
(/&, 78). This can be_ differentiated easily by X-ray 
diffraction methods. A glass or liquid can only produce 
weak and diffuse diffraction effects, while crystallites 
can give strong and sharp diffraction effects (76 79) 
Son SenS6 ' 3 glaS$ 15 aIS ° amor P hous t0 X-™y diffrac- 
Many compounds have been shown to be able to 
lorm glasses readily upon cooling from the liquid state 

i-methylhexane (66). Glass formation is common in 
many polyhydroxyi molecules such as sugars, pre- 
sumably due to their strong hydrogen bonding which 
may prevent their crystallization (64). Polymers pos- 
sessing linear, flexible chains can freeze into a glassy 
state of transparency and brittleness (66). Glass forma- 
tion can occur for the pure substance itself or when in 
the presence of other components. If a water-insoluble 
drug forms a glass solution with a water-soluble, 
glass-forming earner, then the in situ dissolved drug 
s released into the aqueous medium rapidly because 
he carrier quickly dissolves upon exposure to the 
aqueous medium (!1). 

iJvZn ll ^"f 117 2 r J eI \ livdy Str ° ng chemicaI bindin S 
between the solute and the solvent in the solid solution 

«rU5£^ ^ iattlc , e , ener gy ^ the glass solution is 
expected t0 be much less because of its similarity with 
he liquid solution.. Similarly, the dissolution rate from 

1« r!i US r Ua y faSter than fr0m an amorphous or 
glassy solid of the same chemical identity. Therefore 
'(everything is equal, the dissolution rate of drugs in 
he glass solution should be theoretically faster than 

dv,n? r , SOlU , Xim TherC is another important 
advantage of glass solutions over solid solutions When 




TEMPERATURE — 
™~M°''o,t between the S !assy, liquid, ami solid state, 
{from Reference 76, reprinted with permission) ^ 

SolnnW ° f ^ S ° 1Ute CXCeeds the soiubi,i£ y in both 
crystallization of the solute is much smaller in the -lass 
solution due t0 the difficult growth of the crjs al fnl s 
nscou* ; medium. A higher supersaturation of the dru" 
n the glass solution is also more likely to take place if 
the extremely viscous melt is cooled rapidly. 

Citric acid, a normal constituent of animals was 
found capab[e of g , ass format . on nima £ wa 

highly y IS cous and can be drawn into a thread orTheet' 
After standing at 37° for a few days, a hard, ££LV 
and transparent glass can be obtained. However this 

after months of standing at room temperature.. Glassy 
solutions were obtained after the cooKng of mel s of 

I0y ill m £l U l^ (H) - W7 ° P h -obarbkal and 
10% hexobarbital (12). A marked increase in the 
d, solution rate of griseofulvin in the citric acid glass 
S ,0n 7 aS /l POr1ed CU) ' The P° tentiaI "sag! of 
nSlh^ 3 > d thG P revious! y mentioned glass-forming 
polyhydroxyi compounds as water-soluble carrier! 
remains to be investigated. 

rt r The £ r « pe * ieS 0f a g!ass be to the method 

LS'r U ° n ,° r COo!in S ( 79 >- The particle-size 
tnZT,\ m ? C cr * stanizati °" of benzophenone 
m hydrocarbon glass was shown to be a function of the 
cooling rate, ranging from being invisible to opaque 

80)T a ter n m Ce of Vi* ° f C °° iing WaS P™ 1 ™^ 
(80) A term of glass suspension" is proposed here 

u/ntdeH l^T* ' m 7 h ' !Ch P reci Pi«ted particles are 
suspended in a glassy solvent. 

Pure polyvinylpyrrolidone and some other polymers 
d ssolyed , n the organic solvents may become g£ SS y 
after the evaporation of the solvents. It is possible 

!5«U "< Pr ^ Plt ?r ° f drUgS introduced into the 
system « inhibited due to the increase in yiscosity as 
the solvents evaporate.. Such inhibition may also be 



l;iblu II -Dissolution Studies of Griseofulvin 



Micrnntiud yrisuol'ulvtn 
Crist-'aluivin-chlofolbrm solvate 
Criscoiulvin-polyvinj/lpyrrolidone 
(1:5) 

Gnseofutvin-polyvinylpyrrolidonc 
Gfiseorulvin-polyvinylpyrrolidone 



" Obtained from Reference 14. 

facilitated by the possible compilation between the 
drug and the polymer Thereby, a transparent, brittle 
glassy solution is formed.. T his principle of'giass forma- 
tion probably best explains the rationale behind the 
j" polymer approach suggested by Tachibana and Naka- 
s mura (23) and Mayersohn and Gibaldi (24), The 
amorphous and glassy property of polyvinylpyrrolidone 
is also... evidenced by its diffuse, broadening, X-ray 
diffraction spectra (25, 41). Evidence for molecular 
dispersion of drugs in polyvinylpyrrolidone {/<? 
glass solution) is provided by use of the TJV method 
for ^-carotene (23), high-resolution electron micro- 
scope method for iopanoic acid (41), and X-ray diffrac- 
tion method for sulfathiazole (25) and iopanoic acid 
(41). By the same reasoning as was discussed for the 
polyethylene glycol carrier, the crystallite size of the 
drug may also be very fine if the drug concentration 
greatly exceeds its solubility in polyvinylpyrrolidone. 
The crystallization was found to occur at the hbher 
concentration of sulfathiazole by the X-ray diffraction 
method (25). Amorphous precipitation of iopanoic 
acid was also found in the 50% iopanoic acid-507 
polyvinylpyrrolidone 10,000 coprecipitate by the elec- 
tron microscope technique (41). These systems also 
appear to be metastable since crystallization has been 
initiated in fissures or cracks in the glass on standing. 
Due to the chemical stability of polyvinylpyrrolidone 
- to heat (81) and its high melting point (probably 
decomposing before melting at a temperature beyond 
250°), the drug-poiyvinyipyrrolidone solid dispersions 
can only be prepared by the solvent method. Polyvinyl- 
pyrrolidone is also soluble in a variety of organic 
solvents (81), an advantage in accommodating various 
drugs which possess limited solubility properties. The 
marked enhancement of griseofulvin dissolution from 
the coprecipitate is shown in Table II (24). Almost 

Table III— Experimental Relative Release Rates of Sulfathiazole 
as a Function of Polyvinylpyrrolidone Weight Fraction 0 



Polyvinylpyr- 
rolidone Weight 
Fraction 



Absolute Sulfathiazole Relative 4 Sulfathiazole 

-—Release Rate . . Release Rate . 

Inltlai Limiting Initial Limiting 



0 25(3:1) 0 135 - _ 

0 40 (1 5:1) 0.510 0 140 3 73 

0 50 1:1) 0 520 0.140 3 85 

0 60 ( :|.5) 0 520 - 3 85 

0 67(1:2) 0 680 ~~ 5 04 

0.75(1:3) M55 - g 90 

0 83 (1:5) MOO _ g 15 

0 91(1:10) 0 934 _ 6 91 

0.95 (1:20) 0 450 - 333 



ftclaliv 



100% supersamruiion wus also obtained in 1 min 
Such a striking effect is also reported tor reserpine 
(30). For a i:6 reserpine-polyvmylpvrrolidono copre- 
cipitate, a 200-lbici increase in dissolution was found 
in comparison with the equal particle size of the pure 
drug. The dissolution rates of the drugs decreased as 
the concentrations of the drugs in the coprecipitates 
increased in both systems.. Probably this is mainly due 
to the increase of particle size of the drugs in the hiaher 
concentration compositions (30). 

Simonelli et ai (25) presented thorough experimental 
studies to elucidate the dissolution mechanisms from a 
constant surface for compressed tablets of polyvinyl- 
pynolidone-sulfathiazole coprecipitates. The enhance- 
ment of dissolution rate was found to be a function 
of the molecular weight of polyvinylpyrrolidone, the 
concentration of sulfathiazole in the coprecipitates, 
and, in some instances, the dissolution medium and 
time. A model was presented to describe dissolution 
mechanisms of the coprecipitates and physical mix- 
tures over a wide range of composition. For the copre- 
cipitates, it was concluded that the sulfathiazole was 
the controlling external layer at lower polyvinyl- 
pyrrolidone weight fractions and the polyvinylpyr- 
rolidone at higher weight fractions. For details, inter- 
ested readers are urged to consult this detailed original 
paper. The relative release rates of sulfathiazole as a 
function of the polyvinylpyrrolidone weight fraction 
are shown in Table III. In 40 and 50% polyvinylpyr- 
rolidone samples, the release rates were not linear but 
changed with time. 

Several points arising from the Simonelli et ah. (25) 
paper seem to warrant further discussion. The possible 
effect of molecular dispersion (in this case, glass 
solution) and colloidal dispersion of sulfathiazole in 
the polyvinylpyrrolidone on the dissolution rate of 
sulfathiazole was ignored by the authors.. The necessity 
of taking the molecular dispersion into account for the 
enhancement of dissolution rate from tablet forms with 
a constant surface was clearly demonstrated by an 
approximately 10-fold increase in dissolution rate from 
a solid solution of 10% indomethacin-90% poly- 
ethylene glycol 6000 and also a threefold increase 
from a solid solution of 5% suifathiazole-95% urea 
over the physical mixtures with the same chemical 
composition (68), A tablet made of 10% griseofulvin- 
90% succinic acid eutectic mixture was also found to 
dissolve about threefold faster than the mechanical 
mixture of 10% micronized griseofuivin-90% succinic 
acid (53). Such effects are more likely to take place at 
the higher weight fractions of a carrier.. 

In their dissolution model, Simonelli et aL (25) 
proposed polyvinylpyrrolidone as the controlling exter- 
nal layer at higher polyvinylpyrrolidone fractions. 
The identity of the controlling layer can easily be 
determined by comparing the relative movement of the 
solid-liquid boundary of each component (25, 31) 
On the basis of the dissolution data shown in the original 
article, in the first 20 min. the ratios of the movement 
of polyvinylpyrrolidone over sulfathiazole at composi- 
tions of 1:20, 1:10, and 1:5 (sulfathiazole-polwinyl- 
pyrroiidonc) were found to be all close to I. 'These 
ratios indicate that both components were released 



almost Simultaneously from the tablets This finding 
is contradictory t0 the dissolution model proposed 
by H,guch, (3D. which defines a congruent dissolution 
from a binary mixture tablet only taking place at a single, 
fixed composition. Tins is valid only when the solu- 
biliues ol the two components remain constant It is 
wel known tlm the magnitude of solubility increases 
rLZ e ri^ U r f' 2e r , edUCCS t0 submic ™n or colloidal 
range (43). In the solid solution or glass solution of a 
drug in the soluble carrier, the maximum concentration 
of a drug at the dissolution interface is undoubtedly 
much higher than the regular solubility. Furthermore 
colloidal or molecular particulates probably cannot 
aggregate or agglomerate into bigger particles in the 
short time that they exist at the dissolution surface, 
If this is true, lt ts difficult to define the solubility value 
S t nt WClght fractions of s oiid dispersions 
I he theoretical dissolution rates of sulfathiazole in 
the higher polyvinylpyrrolidone fractions, calculated, 
according to the model proposed bySimonelii etal p5) " 
imply that stmilar dissolution rates also can be obtained 
from the physical mixtures. Although this has not been 
proved experimentally, it is regarded as unlikely in light 
of the striking increase of dissolution rates of the druas 
dispersed in polyvinylpyrrolidone in powdered forms 

Amorphous Precipitations in a Crystalline Carrier- 
IZTrt °i formi "S L a sira P' e eu tectic mixture in which 
both the drug and the carrier crystallize simultaneously 
from a melting or a solvent method of preparation, the 
drug may also precipitate out in an amorphous form 
n the crystalline carrier. Since the amorphous form is 
the highest energy form of a pure drug, it should, under 
almost all conditions', produce faster dissolution and 
absorption rates than the crystalline form whether 
the crystals are or are not dispersed in a carrier. Amor- 
phous novobiocin has 1 0-fold higher solubility than its 

sjsir r s rm ^ 2, -, A much raster dissoiuti ™ 

and hi|her blood levels were also found for the amor- 
phous form of novobiocin (82). As discussed previously 
he amorphous sulfathiazole dispersed in the crystalline 
urea was believed to be a primary contributing factor 
m increasing its oral absorption in man (17) It is 
postulated that a drug with a high supercooling prop- 
erty has more tendency to solidify as an amorphous 
rorm in the presence of a carrier. 

Compound or Complex Forma rions-In a strict sense 
the modification of a dosage form by a compound or 
complex formation (D n C m ) between a drug (D) and an 
nert so uble carrier (C) should not be classified under 
he applications of solid dispersion systems. Neverthe- 
less due to their frequent occurrence during preparation 
of» .d .spersions by the standard methods, it seems 
worthwhile to review them here briefly, 

The dissolution and absorption of a drug into the 
Oody from a complex or a compound are schematically 
shown in Scheme I. It is clear from Scheme I that the 
amiability of a drug depends on the solubility the 
dissociation constant, and the intrinsic absorption' rate 
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>ll*rM«r iK,° r f J,OUS mM f T h ««rai»P«l air probablv 
taiitr Hun itinrocrystals dispersed in a water-soluble c 



of the complex Although the water-soluble polymers 
have been considered as ideal carriers for the olid 

% s ZZl-t\ poor, r so!uble dru = s ' * he -p'-tioo 

of the possible complexation should not be overlooked 
Po yvinylpyrrohdone was shoun to retard the pharma 

leS aCtl ° n - 0f nUmer ° US co ™P°"nds such as 
pemc.Ilio novocaine, prost.gmine, hexobarbital, quinine 
ingulf Xy reso [ cino1 C 84 )' The formation of an 
raso uble complex between phenobarbital and poly- 
ethylene glycol 4000 or 6000 was shown to reduce Stes 
fJr\ $S f m ? n a f ° d P ermeafe " of phenobarbital through 
everted guts of rats (85). The complexation between 
gnseofulvin and polyethylene glycol 6000 may be 
thought to occur on the basis of the traditional solu- 
bility study (The solubility is increased onefold by the 
present of 7% polyethylene glycol 6000 in water 
Such a water-soluble weak complex apparently did no 

dogs (27-29) It , s believed that in comparison with 
pure i insoluble, solid drugs, the rates of dissolution 

a sai?A*r° m : Qn b * inCreaSed b * the forma ^n of 
a soluble complex wnh a low association constant 

ihe compound formation among simple organic 
chemicals seems more common than expected. Amon* 
12 phase diagrams, SeJciguchi et ah (51) found II 
cases of compound formations. Guillory et al (86) 
reported four compound formations out of nine phase 
diagrams studied. However, the occurrence of the-* 
compound formations, which previously took place 
at md state, does not necessarily mean that they will 
also take place in a liquid medium., On the other hand 
tie existence of compound or complex formation in a 
liquid medium does not predicate its occurrence in 
the sohd state. This is shown in the griseofulvin- 
succuhc add system. Although the solubility of griseo- 
fulvin was increased markedly by the succinic acid in 
water (approximately onefold per 1.5% succinic acid) 
their interaction could not be detected by the Dh-sse 
diagram study (53).. v 

Combinations and Miscellaneous Mechanisms— Quite 
often a sohd dispersion does not entirely belong to any 
of the four groups discussed but is made up of com- 
binations of different groups. Therefore, the observed 
contrinnrin a " d ab "*Ptio„ rates may be the 

diso S n; ° f d,frerent mechanisms. The griseofulvin 
dispersed at high concentrations in polyethylene glycol 

trat ot i J u Ifath,a 2 ole dispersed at high concen- 
rations n polyvinylpyrrolidone may be present as 
individual sulfathiazole and sulfathiazole - P o yv ny ! 

,r 0 ?. PiM m0,£CUleS > »n,orphous L poly- 
morphs sulfathiazole, and possibly an amorphous 
sulfathiazole-polyvmylpyrrolidone complex. 



The copn;apu 1 ,t w of reserpine *iih bile steroids 

lnf„'.; J ' -^-"'hydroxycholanc <S7> ttcre shown 
to increase blepharoptotic activity of reserpine in mice 

been clue dated. A decrease in the purticlc size 0 (' 
reserpine in the ; coprecipitate S ttas proposed from the 
m utro dissolution studies (S3, SO), The ability of these 
T T TL% redUCe the surface tension of aqucoS 
fluids ed Sto « «/ (89) to propose that the S 
may also facilitate the wetting and, hence, the dissolu 
£ on rate of reserptne. Since these bile steroids can form 
dathrate compounds (inclusion compounds) with a 
variety of organic moiecuies (90), it is possible that 
this may also occur with reserpine and thus cause 
molecular or ultrarlne dispersion of reserpine in the 
hollow channels of the dathrates. 



ME I HODS OF DETERMINATION OF IYPES OF 
- SOLID DISPERSION SYSTEMS 

_ Many methods are available that can contribute 
information regarding the physical nature of a solid 
dispersion system. In many instances, a combination 

p cZ or r h T r hods is required to ^ i£s 

Picture The advantages and disadvantages of each 
method are briefly expounded here 

„rl!!T* 1 , AnalySiS ~ This is the most c °nimon ap- 
proach used to study the physicoehemical interactions 
or two or more component systems. Several modified 
techniques util.zmg the principle of change of thermal 
ener gy ^s a function of temperature are discussed 
separately.. 

Cooling-Curce Method-ln this method, the physical 
mixtures of various compositions are heated until a 
homogeneous melt is obtained. The temperature of the 
mixture ,s then recorded as a function of time. From 
a series of temperature-time curves, the phase diagram 
can be established (33, 34). The method stiffen from 
many inherent disadvantages. It is time consuming 
U requires a relatively large amount of sample, and 
changes in slopes can be missed, especially if cooling 

cannot be applied I to samples that decompose after 
melting. It is also difficult to detect samples with small 
ohd-solid solubility. This method was recently used 
to determme phase diagrams of deoxveholic acid- 
menadione and caffeine-phenobarbital (S6) 
JiT^ el - Me{hod - ln £ his method, a sample of a 
solidified mixture in a capillary melting-point tube is 
heated gradually.. The thaw point is "referred f to a 
temperature on crossing a solidus line (33) This 
simple method was used extensively by Rhe nboldt 
et l) /iS A° idt Kircheise " 93), and Guiilory 
1 (8 ) - A stirring device in the capillary tube was 

eta, Zt Th m ° re aC , CUrate rCSUltS by Sefciguchi 
hn J'J 1 C Stimns fadlita *s attainment of a 

affec^ 0 " 5 !^ 51 ™^ h ° WeVer ' Such stirrin S only 
affects the melting po.nt and not the thaw point In 
d^erentiatmg between a simple eutectic system and a 

cTZ P T Theref0re ' thc " sa S e of Ellis more compli- 
cated device is not necessary for such a purpose,. 

1294 □ Jm.rnot „l PUarmuc valient S, r 



The principal drauback ol this thau-melt meihod is 
hant depends on a subjective observation and th^b '\ 

*r "? V. ^rmmation of thaw points A range 

„ l,7 f0CS 01 l «f'i'"on was reported in the study 
<5l) fu,r mS a .^^mphenieol-ureu system 
n Lfi ."T- 1 - SUIlab!c - Upper ran ^ oi nielting 
points is only limited to about 300° due to the problem 
associated with capability of visualization (So? 94? 
The sample used for study may also be prepared from 
merely the physical mixture or the evaporated mixta I 

s s ?,s r T r ovin ? £he ,iquid ^ *™ 

solution (94). I haw points are often found at lower 
temperatures from the samples of physical mixtures, 

auenJ,L™ l n 2 f°' ntS mt aff£Cted < 94 > A special 
quenching method ,s proposed for samples exhibiting 
supercoo mg properties (33). A mixture that has not 
completely solidified results in lower thaw and n£t™ 
points upon reheating.. This was observed in the eutectic 
composition of a sulfathiazole-urea system (56). 

Tfiermomicroscopic Method— Goldberg et al HQ) 
used polarized microscopy with a hot sta a e to "study 
phase diagrams of binary systems The physical mixture 
is Placed on a slide covered with a cover slip and sealed 
with Silicone grease to prevent sublimation. The mixture 

!L miv, unIi V' [ c r p!eteiy ,iquifies - Afer c °°!in g , 

and Z T 15 ^ 31 ra£e ° r4 ° /min " The th ™ 
and me ting points are then determined by visual 
observation. The advantages of this method are thai 

S! T'.' 1 SUfferS SOme ^vantages by 

ooZ, S h S JeCU . hmUed t0 £herma11 ^ Stab ^ com- 
pounds, and potentially mhomogeneous in distribution 
after resolidification. Furthermore, the me! tin ^ of 
isotropic crystals often cannot be detected accurately 
under a polarizing microscope (95). The existence of a 
hrmted solid [solution of griseofulvin in succinic acid 
determined by this method (21) appears to have been 
d, proved by the DTA and X-ray diffraction method 
13 j;. _ ihe Kofler contact method, also utilizing 
polarizing microscopes, was proposed to establish 
vanous forms of phase diagrams (95), However, ^ 
usage of such a technique seems to require a good 
knowledge of crystallography. * 

cf ,5?~? TA iS -, a , n • effective £he rmal method for 
studying phase equilibria of either a pure compound or a 
mixture. Differential effects, associated with ^ 
or chemical changes, are automatically recorded as a 
(unction of temperature or time as the substance is 
heated at a uniform rate (96). In addition to thawin' 
and melting, polymorphic transitions, evaporation* 
sublimation, desolvation, and other types of decom^ 
position can be detected.. Apparatus permitting direa 
S™°"/ f ^ring heating were used- to 

SnlS^ observat 'on of any physical-chemical 

The greatest advaniage of using this technique is in 
constructing phase diagrams of high reproducibility 
a higher temperature range is permitted, and greater 
resolution results (52). A sample size of less than I Z 
can be used for measurement with some commerciM 
instruments. Although the sensitivity and accural o 
the DTA thermograms can be influenced by many 



lactors such as sample size, heating r;:te, sample 
geometry, thermal conductivity of the sample container, 
and method of measurement of the sample temperature, 
these variables can be adjusted to optimize the desired 
characteristics of the DTA apparatus (52). 

The DTA method was used extensively to construct 
phase diagrams of a number of binary systems (51, 52 
S6, 98-110). The correlation of DTA data with most 
frequently encountered phase diagrams is shown in 
Figs. 11 and 12, This technique is especially valuable 
in detecting the presence of a small amount of eutectic 
in the mixture, because its melting at the eutectic 
temperature can be sensitively detected (98), The 
observation of such small fractions of melting at 
eutectic temperature can often be missed when em- 
ploying thaw-melt or thermornicroscopic methods. 

Zone Melting Method— This technique was first 
introduced in 1952 (111). It has been primarily used 
for uFtrapurification of metals and inorganic and organic 
compounds.. The phase diagram can be constructed 
for metals and inorganic and organic compounds. 
A molten zone effected by a heater traverses a cylindri- 
cal ingot or solidified melt at a rate of about 0..5-0..00I 
cm./hr, A mechanical stirring device is also required for 
the mixing of the liquid in the molten zone.. After zone 
melting is finished, the bar is sectioned and analyzed for 
its chemical composition. From their chemical composi- 
tions and freezing temperatures of the corresponding 
sections, a phase diagram of a binary or mukicomponent 
system can be constructed. This method is limited to 
compounds with high thermal stability and low volatility 
(111, 112). It is especially valuable in determining the 
exact chemical composition of a eutectic and the 
minute solid-solid solubility at the eutectic temperature 
by merely a single pass. The solubility of InSe in InSb 
was found to be less than !%; that of InSb in InSe 
was also found to be less than 1 % by this method (1 1.3). 
Many phase diagrams of metal systems have been 
determined by this method (114-1 18). 

X-Ray Diffraction Method— In this method, the 
intensity of the X-ray diffraction (or reflection) from a 
sample is measured as a function of diffraction angles. 
Counter and film methods detect the diffraction in- 
tensity. The advantages and disadvantages of these 
two methods were well discussed (119, 120). In the 
former method, a better resolution of diffraction peaks 
can be obtained, and it is also easier to compare their 
relative diffraction intensity. However, it requires more 
sample and has less reliability and more sensitivity to 
sample preparation and position.. The latter method is 
more sensitive for the detection of weak lines, 
_ The diffraction method is a very important and effi- 
cient tool in studying the physical nature of solid 
dispersions. Recently, it was used to study binary 
eutectic systems of chloramphenicol-urea (50) and 
griseofulvin-succinic acid (53). Many phase diagrams 
of inorganic and metal compounds were also deter- 
mined by this method (121-125)., 

i£Lij m pje^ujecti£_svste ms , diffract ion £eaks _o£ each 
.Sryst? ! !«!?«: com po nen t" ca n bejo up d in "the di ff ract] on! 
..spectra. In a substitutional solid solution, the lattice 
parameter of the solvent crystal is either increased, Fig 
unchanged, or decreased, depending on (he relative (f n 
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Figure II— Typical DTA thermograms corresponding to a hypo- 
thetical binary system (from Reference 52, reprinted with permission). 

size of the solute atom or molecule (55). However, a 
gradual shift_ in the positions of the diffraction lines 
with changes in composition, which reflects the resulting 
change in the lattice parameter, is accepted generally 
as sufficient evidence for the existence of solid solutions. 
In a system of a continuous solid solution, there will 
be a shift from the position in one pure component 
to those in the other (126). The interruption of this 
smooth change is indicative of immiscibility in the 
system. The change of lattice parameter, unit cell 
volume, and density in a continuous solid solution 
of ammonium chloride-ammonium bromide is shown 
in Fig. 13. In an interstitial solid solution, the diffrac- 
tion spectra of the solvent component may or may not 




ire 12— A DTA thermogram of a continuous solid sutut, 
« Reference 52, reprinted with permission) 




volume, A*; and (Q densitv \ k,„ L ' ' {B) ce!! 

; data «> <*« — - t5:S£f 

WHih Eh ° Se ° f ** ^ -mponent 

in T itec;bTeo°LT th ; d " a ' S ° valuable 
ts spSra or ia H P ,r ° f ' C ° mp!eX fbrmation 
from thn a V Posters are markedly different 
from those of pure components. It has been used to 
disprove the existence of a patented 
between penicillin V and K^l^K 

S tSr df aWbaCk ° f USing the Effraction method to 
study dispersion systems is its frequent inability to 

HsS onVT 9 ^ V***^ from „££l r 
dispersion if the lattice parameter of the solvent 
component is not changed. This is because of the 
disappearance of the diffraction peaks orlSes of 1 
crystal so!u[e compomd J S y te ms l£s 
problem is encountered in the lower conceotrat on o? 
drugs dispersed in polyethylene glycol (41) or oolv 

of sulfathiazole-urea has a broad (instead of sham 
melting point as found for its phys cal mfxturefand 
_ lower meltmg range. This is attributed to the presence 
tLT Tph T S sull ' athi ^ The amorphous 
transformed into a crystalline form after anneahS a 
high temperature, as shown by the appearance of £ 
sharp diffraction peaks (56). PPearance of Jt s 

The diffraction method has been used to studv 
quantitatively the concentration of a Cr y StaI l ne com 
ponent m the mixture (I26-PS) The khU I JT' 
method to quantitate th^crystailt component in sohd 
dispersion systems may be limited by its low concent f 
tion or weak intrinsic intensity of diffraction Thl 

reduction' T aCti0n „P- ks ™y ^ .tS* b?? 
reduction of crystallite size, usually below 0 o V 

am* An° 3C f mP f ie J by a broade «ing of the peaks' 

2S le m Polyvinylpyrrolidone has also been 
considered one reason leading to the disappearance 
of sulmazole diffraction peaks (25) lTe™ d 
diffraction peak areas were used to study part c fe S Z e 
distribution between 0.002 and 0 > (125) 

Microscopic Method-Microscopy has been used 
quae often to study the polymorphism (47) and mor 
Photo© • o ^ solid dispersions (34, 44, 51, 54, 55, P4 
l^). The fine particles of crystallization in the giassv 
polyvinylpyrrolidone matrix can be readily defected 
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™ ' *\ ^ microscope was used to studv the dis-« 

chemicals *ithhi B h atomic numiJrsO ioi C ° 
Spectroscopic Method- Visible absorption spectres 

"KoteS !n ?f ^, ,0W c --^™-"dis P ;eX 
trum If h J P oi >^"ylpyrrolidone (23). The spec- 
trum of the dispersed /3-carotene resembles that 
^carotene dissolved in organic solvents bat n0E h a 

s JtZT™ F Vlk] ^ TheSC resuUs Seated ha 
^-carotene is dispersed molecularly in the oolvrner 
The undetected shift of JR bands of the dispel 
^-carotene was thought to indicate the a en 0 he 

Dissolution-Rate Method-The dissolution-rate meth- 

to s^dvrd;^^ 0 "^^ Aikn and K wan (68) 
ria «i , tu § ^'staiimity in solid-solid equilib- 
ria, especially in temperature regions below sol H 
liquid eqmhbna. The method involves comparing it 
in utro dissolution rates of the solute component from 

perXn t3bI ? fflade fr0m -"lecuTa f d t 
persion (/ e. solid or glass solution) with a physical 
mixture of the same chemical composition. TheS 

du ? n t , 1 SUfface may not ^main constant ' 
due to the Ieachmg of particles into the dissolmfnn 
medium. Such difficulty was encountered S i L it 
chamcal mature of the high suifathiazole to potyvinyl 

Se aLr t e0US medlUm (56) - This was P^^^rily due to 
the almost instantaneous dissolution of urea into water 
because the solubility of this small molecule compou d 
m water is very high, approximately 1 g in I mi rht 
dilution of 10% sulfathiazole-90% urn sllid 
aoIuAon from I0-20-mesh granules 4 also f 0 u nd 
S ^ water Sth'T 51 immediate 'y "PO- their expose 
^1 j- C } '- Fhe aimost ^stantaneous dissolution from 
such disperse _ systems will make them difficu to 

sxrmsr tive,y wkh the r™s 

rhJ^ app,i , c ^ ion of ' th '"s method also requires- f fl ) 
the observed dissolution rate to be proportions to the 
surface area, (6) a reasonably large^iC ce be ween 

rorm ij (i6J. The dissolution rate of Form II w-k 
found to be 1.6 times higher than that of Form I (56) 



FRACTION OF CRYSTALLINiTY 
Figure 14— Dissolution rate versus degree ofcry.ua/tlnity of iitdo- 
metliacm m indomethacin-polyethyleiie glycol 6000 system (from 
Re ference 68, reprinted with permission). 

Furthermore, one must assume in this dissolution 
method that the distribution of particle size (maybe as 
small as in the subcolloidal range) precipitated from the 
solid solution or glass solution does not affect the 
dissolution rate. Such assumption needs to be proved 
experimentally. ■ 

The dissolution-rate method has been shown to be 
applicable to simulated systems of indomethacin- 
poiyethylene glycol 6000 and sulfathiazoie-urea The 
data on 10% mdomethacm-90% polyethylene glycol 
6000 are shown in Fig. 14. The validity of this principle 
however, needs further conarmation by other methods. ' 

Thermodynamic Method—The phase diagrams of 
eutectic and solid solution systems can be constructed 
on the basis of some thermodynamic parameters (34 
. 54, 62, 121, 133, 134). A knowledge of heats of 
fusion, entropies, and partial pressures at various 
compositions enables one to determine the solubility 
gap below the solid-liquid equilibrium temperature 
(133). A solubility gap in the continuous solid solution 
of the AgBr-NaBr system was also found from thermo- 
dynamic data obtained from an electromotive force 
study by galvanic cells (121). The detailed mathematical 
discussion of such an approach is beyond the scope 
of this article. 

AGING OF SOLID DISPERSIONS 

The solid dispersion appears to be a potential dosage 
form modification for increasing dissolution and absorp- 
tion rates of poorly soluble drugs. However, the result 
of aging or storage under various conditions and the 
effects on the fast-release characteristics and chemical 
stabilities have not been reported extensively. Undoubt- 
edly, this will be an interesting and important research 
subject for pharmaceutical scientists before the wide 
and long-range practical applications of this unique 
approach are feasible. The effects of aging in many non- 
pnarmaceutical systems such as alloys and inorganic 
compounds have been well studied The purpose of this 



section is to review these studies with a hope that similar 
principles and methodologies can be utilized to apply 
to our systems. 

Aging Effects of Eutectic Mixture— It is well known 
that the dispersed-phase particles tend to coarsen on 
aging because the inter facia i energy of the system is re- 
duced by the concomitant reduction in interface area 
(129). The phenomenon of particle coarsening was ex- 
tensively studied both theoretically (135 136) and ex- 
perimentally (137-140). This phenomenon occurs in 
eutectic systems with or without solid solution forma- 
tion. The extent of coarsening increases with time and 
aging temperature. The morphology and transparency 
of a freshly prepared eutectic mixture of naphthalene- 
phenanthrene were found to change after standing 
primarily due to recrystallization of fine grains (44) 

The increased hardness of freshly prepared eutectics 
of Pb-Sn systems was found to decrease considerably 
after annealing (49). Eutectic alloys are more sensitive 
to corrosion, because in the eutectics the metals are 
in a somewhat activated or reactivated state (49). It is 
thought that the displacement of the electrons into 
higher orbitals facilitate their transfer to a third com- 
ponent, such as oxygen, which is an active agent in 
corrosion. One should also bear in mind that different 
polymorphic forms in the solid dispersion may also 
have different chemical stabilities (47). 

Aging Effects of Solid Solution— The most important 
aging effect from solid solutions is the precipitation 
from supersaturated solid solutions along with the 
subsequent changes of physical-chemical properties 
(33,34,54,55,63). 

The precipitation (also called decomposition or 
demixmg) from a solid solution occurs when the con- 
centration of the solute exceeds its equilibrium solu- 
bility. As shown in Figs. 5 and 6, the solubility in the 
continuous or discontinuous solid solution may de- 
crease with decreasing temperature. When a mixture 
within the solid solution range at high temperature is 
quenched from the melt to ambient temperature, a 
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Figure IS— Phase relation for precipitation The solid phase, t 
Cuoling {arrow) {froi 
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INCREASING CONCENTRATION OF 8 COMPONENT — 
S Figure 16— Diagram illustrating retatke nuclei and tmrtirh „/■ 
H preapitatjon front supersaturated solid solutions I™™ 
tures and compositions (from Reference 55 „ w , . !em f era ; 
permission). *eiere n ce 55, p. 398, reprinted ,wr/, 

metastable solid solution is usually obtained. Such 
excess solute ,s bound to precipitate out in order to 
reduce the total free energy of the mixture to a nU? 
^um rhe phase relations for precipitation are sche- 
matically shown m Fig. 15, in which the supersaturated 

Liu tl £ n T he /J-phase may be a pure crystalline 
solute, B, or a saturated solid solution of the other 
comp onent , A, in the * component. The percent e of 
prestation can be calculated according to the tieline 
or lever rule (34, 54, 55), - 

h, J?" i ParticIe SI ' 2e 3nd the rate of Precipitation cer- 
tainly have a critical influence upon the dissolution 
behavior of the dispersed drug. Based on nuclei ™ 
and growth theory, the relative size of stable nuclei 
and subsequent p recipUation arfi e cted J« 
with the composition and storage temperature (Fig 
16). The rate of prestation is a function of time 
After an initial delay of nucleation, it usually proceeds 
ra PI diy and finishes slowly (54, 124). A typica" eSmpt 



l^iT^'^ f C!rb ° n " 0m ;l » «-">rbon alio 
annulled at ,(,' , s B l 10u „ i n Fi'u 17 The rate o! nr.- 

rate is also wry low : , t temperatures fust bo low 
solvus line In lhi! c:iSC , the'olution ii only uh lv 
supersaturated, and the free energy decre se resulti " 
from the proamnion is very small. The nucleation 
£ L IS hiS°; dlng!y S[ ° U ' a![h0U = h the Effusion r, ' a 
ciS at ,n g tempef : itur « 1S high. The maximum pr > 
n oe at ,J f' thCrer ° re ' Iies St ari intermediate 
temperature as a compensated result of moderate 
diffusion and nucleation rates. moueratc 
The presence of precipitation is usually detected bv 
X-ray diffraction (54, 55, 122, 124, 129. 41-141) 
X-ray small-angle scattering (141) and ek ml l- 
copy (54, 55, 124, 129, lA ^^TZT™} 
lattice parameter of the solvent component afte tin 
is considered as definite evidence of precipitation (55) 
As d 1S cussed previously, the capability of X-ray diffrVc 
effects. Diffraction from particle sizes well below 0 01 
M may not be detected (145), The appearance of second 

of he S C,CS m e T tr0n rakrosc °Py is *o indicate 
of he occurrence of precipitation, The dissolution-rate 
method^ also recently proposed to study precipita! 

.ofnHo 5 ^ 0 ' °u preci P itiltiori from supersaturated solid 
olutions on the age-hardening of alloys is well 'known 
34 54, 5>). The extent of this effect is proportional 

ffectlT Unt f Predpi ' tated Therefore - the hardJning 
enect is also a function ofcnmnncitmn a 




Figure 11— Amount of precipitate as a fmictmi, „t <<i m ,, ■ , 
Permission) J "eicrcncc 54. p. 2J9, reprinted with 
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j i----k"--u„ Aiiciciore, tne Harden iv 
ut and n°me U H nC M° n ° fcom P osi ^ aging tempera- 
too l onP h g ° r afiinS the P^P^tions for 

too long a period at a g,ven temperature may alsa 
cause them to lose their hardness. This effect S known 
as overaging (54). The implications of age-hardS 
on the overall performance criteria (such as^Kfcn* 

Soe f Sl ! ° n ' £able£ i nS) ° f P ha rmaceutical solid 
dispeisions remam to be further investigated In 
addition to the hardening effect, the precipitin 
also has caused Agranular corrosion with chanTs 
LZ%Z Pr ° Per£ieS - heat ""•«•»«■ »d -Pecfi 
. Aging Effects of Glass Solution-Since a -lass solution 
« a metastable form, it may be subjected to a^n" 
transformation, y,elding a more stable form This mav 
take place rapidly or extremely slowly, as in 'the casTof 

™;: d ssxr rt ow eiass kepc at ™« ™£ 

perature. Small-angle X-ray scattering and electron 
microscope methods were used to study the kin , cs 
of a metastable amorphous phase separation from Cai 
MgO-S.O s glass at 825= (146). The growth of amor- 
phous particles was found to be rate, limited by the 

t1onaT?„ n f h PrOCeSS Theif aVera » e radius is Proper! 
onauo he squa roo( of anneaJi (jm P P 

dWrsed In"""? 0 UCi f ch, °-mphenicol palmita te 
dispersed m polyvinylpyrrolidone 10,000 (5<~ w/wl 

cTystJ neTdl^ poiari f in S mic ™« ^ visualiwtion of 
crystal needles in unpulvenzed and pulverized samples 

sevStTo^Mn r, Pt at , ambKn[ ^rnperatur/for 
nnVh a , ( 11 Ihc efTeCt 0f such P^cipitation 
on the dissolution rate should be furiher studied 



0,1 



_L 



100 



LOG TIME (ARBITRARY 
Figure 18— Diagram illustrating the lime for 100% of precipitation 
from a supersaturated solid solution as a function of aging temperature 
Urom Kelerence 54, p. 240, reprinted with permission). 

Aging Effects of Metastable Polymorphic Forms in 
Solid Dispersions — The amorphous and o.ther meta-* 
stable crystalline Forms of the dispersed drug in solid 
dispersions are also subject to aging changes. The im- 
portance of this aspect can be seen from the marked 
difference of dissolution and absorption characteristics 
between various polymorphic forms of drugs (47). 
Metastable forms may range from being extremely 
stable to extremely unstable,, Diamond, a crystalline 
form of carbon, is a good example of the first case. 
Amorphous form and Form C of chloramphenicol 
palmitate are examples of the latter case (127). 

The methodology for the detection of polymorphic 
transitions was well reviewed (47). Recently, X-ray 
diffraction techniques were utilized to study the kinet- 
ics of the transformation of amorphous sulfathiazole 
dispersed in urea at eutectic compositions and their 
effect on the dissolution rate (56). 

REVIEW OF tPf VIVO STUDIES 

Sulfathiazoie-Urea Systems— The potential of phar- 
maceutical applications of solid dispersions was early 
demonstrated in the human studies of the sulfathiazole- 
urea system (17). The oral administration of the solidi- 
fied "eutectic mixture" resulted in a faster and higher 
rate of absorption than the 50-100-mesh sulfathiazole 
particles alone on the basis of blood levels and urinary 
excretion data. The cumulative excretion of the drug and 
its metabolites in 8 hr. was also 23 % higher from the 
"eutectic mixture." The excretion rate data are shown 
in Fig. 19. The presence of the urea was found not to 
interfere with the absorption of the sulfathiazole. 
The in vitro dissolution rate of sulfathiazole will 
probably be diminished in the presence of urea due io 
its decreasing solubility in the aqueous solution of urea 



Chloramphenicol Lreu Sjslems-ln oral suspension 
studies m rabbits (51). the solid dispersion of ^0T 
chloramphenicol -SO ,r ~ urea produced a I'askT and 
holier absorption in the 1st hr, than the pure chlor- 
amphenicol with a similar particle-size distribution (50- 
100 mesh). The peak value was about 70- higher for 
the solid dispersion. However, the total areas under 
the blood level-time curve from both dosage forms 
were almost the same,. When administered in capsule 
form, the solid dispersion produced a much hi»her 
blood level in the first 4 hr. In the first 2 hr,, the ratio of 
blood levels gave a threefold difference. Such marked 
difference in absorption characteristics obtained in 
both suspension and capsule forms has not been 
entirely explained. It is believed that in the capsule 
case, this difference is a reflection of better wetting and 
dispersion of solid in the urea system than in the pure 
poorly soluble chloramphenicol system. These advan- 
tages would become less significant when administered 
sn suspension form. The solid dispersion with eutectic 
composition (76% chloramphenicol-24% urea) was 
shown to be inferior in absorption than the pure com- 
pound when studied in either the capsule or suspension 
form. 

_ The finer particle sizes of chloramphenicol obtained 
in the low concentration of the mixture were proposed 
to have contributed to its better absorption and the 
attainment of supersaturation from the lower concen- 
tration dispersed form (50, 51).. Unfortunately, these 
studies were conducted on rabbits whose "rate of 
stomach emptying in the feeding and fasting state 
differs markedly from man. The lack of suitability of 
using rabbits in evaluating drug absorption was 
recently raised by Chiou et al, (147), 

Reserpine-Bile Acid Coprecipitates— A more rapid 
onset of blepharoptotic activity as well as a significantly 
increased potency relative to reserpine base was shown 
in mice after oral administration of reserpine-de- 
oxycholic acid coprecipitates (39). The enhancement 
generally increased as the concentration of reserpine 
in the coprecipitates decreased. The only exception was 
that of the lowest concentration dispersion studied 
(1:32 molar amounts of reserpine-desoxycholic acid). 
The physical mixture was also more potent than the 
reserpine base. These findings were attributed to the 
enhancement of oral absorption of the drug dispersed 




-tes of total sulfathiaz 
after administration of 2 g. of sulfathiazole as a euret 
{top curve) and pure compound {lower curve) to a hm 
{from Reference 17. Fig.. II. reprinted villi permission}.. 
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Figure 20—Acerage cumulative unitary excretion of 6-demethyl- 
gnseofulcht, a major metabolite, after oral and intravenous dose/of 
In!,,,'" "/T™*'' A > O, griseoftthin in 

polyethylene glycol 400 solution, a, griseofulcin dispersed in poly, 
ethylene glycol 6000 (10% ,,/*-); X, commercial capsule of micro- 
nized griseofulcin; and a, commercial table, of micronized griseo- 
julcm {all data corrected for 250-rng. dose) (from Reference 27, Fig 
2, reprinted with permission). 



n was lotmcl that oral absorption of griseofulvin in 
dogs could proceed for more than 40 hr. 71k- amounts 
absorbed were shown to correlate linearly with the 1 -, 
logarithm of the in uiro dissolution rates, The solid 
dispersion of 5% griseofufvin-95 % polyethylene glvcot " 
4000 also produced about fourfold the blood area in 
the first 8 hr, than did the micronized griseofuhin 
in a dog (12). In a preliminary study, the presence of 
polyethylene glycol 4000 in a physical mixture was 
found not to affect the oral absorption of micronized 
gnseofulvin (12). 

To test its practical application, the absorption 
studies were further carried out in human subjects 
The 10 and 20% gnseofulvin dispersions in poly- 
ethylene glycol 6000 were found to be almost completely 
absorbed in eight trials, while only 43% of micronized 
gnseofulvin was absorbed. More strikingly, the absorp- 
tion from dispersed forms was almost complete within 
2 hr. after administration. The absorption from the 
micronized product was found to continue for ^0-S0 
hr. after dosing. The average .cumulative excretion of 
urinary metabolites (6-deraethyIgriseofuIvin and its 
glucuronide) obtained from administration of various 
forms is plotted in Fig,. 21,, The rapid and complete 
absorption of the insoluble antibiotic in man was 
mainly attributed to the molecular and colloidal 
dispersion of the drug in a highly water-soluble carrier 
It is predicted that the polyethylene glycol can act as one 



m the bile acid,. A rank correlation with the in oitro 
dissolution rate was found (88). Similar phenomena of 
increased blepharoptotic activity in mice were also 
reported for the reserpine coprecipitates with other 
bile acids (87). The general application of drug copre- 
cipitates in increasing drug absorption ' remains to be 
explored. 

Griseofulvin-Polyethylene Glycol Polymers— In none 
. of the in vivo studies of three solid dispersion systems 
discussed here were compar isons made with micronized 
or microcrystaliine powders of pure drugs. The solid 
dispersion approach will certainly appear unique and 
valuable if it proves to yield better oral absorption 
than that obtainable with the commercially available 
micron-size powders. Such critical evaluation was 
first carried out in dogs (27) and man (28, 29) for micro- 
nized griseofulvin and griseofulvin dispersed in poly- 
ethylene glycol. 

In the dog studies, the total areas under the blood 
concentration curves in the first 8 hr. for the micronized 
griseofulvin, either in tablet or capsule form, were 
found to be approximately only 25% of those obtained 
from capsule forms of 10% griseofulvin-90% poly- 
ethylene glycol prepared by melting methods. By 
analyzing the total excretion of the major metabolite 
in 48 hr., it was found that approximately 88% of 
dispersed griseofulvin, 45% of micronized griseofulvin 
in capsule form, and 33% of micronized griseofulvin 
m tablet form were absorbed. The griseofulvin dissolved 
in polyethylene glycol 400 was found to be completely 
absorbed. Their cumulative excretion plots are shown 
in Fig, 20. From the analysis of the excretion rate data, 
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Figure 21—Cumulatice total 6-demethylgriseoftdcin urinary ex- 
cretion data after in tracenous and oral administration of griseofuicin 
to two human streets (intravenous data only for a subject ■ others are 
mean values of eight trials), Key », intraoenous dose; »„w 
fulcin dispersed in polyethylene glycol 6000 (10 and 20 % ,„/,*) - and 

, tablets of micronized grheofuhin (all data corrected for JO0- 

mg dose) (from Reference 23, reprinted with permission) 



ot the ideal universal curriers for most poorly soluble 
drug;;. 

MISCELLANEOUS A PPL 1CAT10N 

A unique method in formulating a liquid drug or 
chemical in a solid dosage form wasnrcentlv introduced 
by Chiou and Smith (40). A liquid drug such as methyl 
salicylate, vitamin E, clofibrate, benzyl benzoate, and 
benzonatate was mixed by mechanical stirring with the 
melted liquid of polyethylene glycol 6000 at a tempera- 
ture below 70°. The mixture was then rapidly cooled, 
and the resultant "solid" mass was pulverized, encap- 
sulated, and tableted. The method is particularly 
valuable for drugs with low therapeutic doses because 
the maximum concentration that can be incorporated 
into a solid form only ranged between 5 and 10% 
fw/w). It is believed that other thermoplastic polymers 
with low melting points can also function as carriers for 
such purposes. 
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